We compared the thresholds and response properties of extracellularly recorded retinal ganglion cells (RGCs) in wild-type and rd1 mouse retinas to electrical stimulation of the retinal neural network. Retinas were stimulated in vitro with biphasic current pulses (1 ms/phase) applied with a 400-lm diameter, subretinal electrode. Three types of responses were observed in both wild-type and rd1 RGCs. Type I cells elicited a single burst of spikes within 20 ms following application of the electrical stimulus, type II cells elicited a single burst of spikes with a latency greater than 37 ms, and type III cells elicited two and occasionally three bursts of spikes. For all ages examined, ranging from postnatal day (P) 25 to P186, the thresholds of RGCs were overall consistently higher in rd1 mice. Median threshold values were 14 and 50 lA in wild-type and rd1 mice, respectively. We propose that photoreceptors lower the thresholds for activation of RGCs whereas postreceptoral neurons determine the response properties of RGCs to electrical stimuli.
Introduction
Retinal degenerative diseases such as retinitis pigmentosa (RP) and age-related macular degeneration (AMD) cause the loss of light-sensing photoreceptors. Currently no treatment is available to reverse the degenerative process or restore vision in these patients. The preservation of the remaining neural network in patients with RP and AMD provides the opportunity to restore vision by means of an electronic retinal prosthesis.
A discouraging finding from human studies is that the currents required for evoking visual percepts in RP patients is much higher than those needed in healthy individuals (Delbeke et al., 2001; Gekeler, Messias, Ottinger, Bartz-Schmidt, & Zrenner, 2006; Rizzo, Wyatt, Loewenstein, Kelly, & Shire, 2003) . There are a number of possibilities that could account for the higher currents in RP patients. First, several studies have reported a significant decrease in the number of RGCs in moderate and severe human RP retinas (Humayun et al., 1999; Santos et al., 1997; Stone, Barow, Humayun, de Juan, & Milam, 1992) . If a visual percept requires activation of a minimum number of RGCs, then with fewer surviving RGCs a greater amount of current might be needed to recruit a sufficient number of RGCs. Second, a higher current may be required because of reduced excitability of the remaining individual RGCs. Third, the increased thresholds in RP patients may be due to alterations in the neural retina, either the loss of photoreceptors or remodeling of retina that follows photoreceptor loss (Jones & Marc, 2005) . Finally, non-retinal explanations, such as reorganization of visual cortex following long-term visual deprivation (Burton, 2003) , are also a possibility.
The primary objective of this study was to test the hypothesis that thresholds of RGCs in degenerate retina are higher than those in healthy normal retina when RGCs are activated through electrical stimulation of the retinal neural network. For this study, we used the rd1 mouse, which is a well-studied animal model of retinitis pigmentosa (Farber, Flannery, & Bowes-Rickman, 1994 ).
Materials and methods

Animals and tissue preparation
Seventeen (17) wild-type (C57BL/6 strain) and 18 rd1 (C3H/HeJ strain) mice were used in this study. The mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and were breed and housed in the Animal Research Facility at the Boston VA Healthcare System. Mice were reared on a 12 h light/dark cycle using standard fluorescent lighting. All animal care procedures and experimental methods adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the VA Boston Institutional Animal Care and Use Committee.
On the day of an experiment, a mouse was deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.). Under normal room lighting, an eye was enucleated, hemisected along the ora serrata, and the retina separated from the choroid. The retina was transferred to a dish containing Ames medium and any remaining vitreous was removed mechanically with fine forceps. The whole-mounted retina was then placed photoreceptor side down in a recording chamber and held in place with a nylon mesh (Fig. 1) . Mounted on a fixed-stage upright microscope (Nikon Eclipse E600FN), the retina was perfused ($2 ml/min) with bicarbonate-buffered (pH 7.4) Ames medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2 mg/ml D-(+) glucose and equilibrated with 5% CO 2 /95% O 2 . An in-line heating device (Warner Instruments, Hamden, CT) was used to maintain recording temperature at 35-36°C.
Electrical stimulation and recording
The stimulating electrode was a platinum wire of 400-lm diameter that was embedded in silicone elastomer (Sylgard 184; Dow Corning, Midland, MI), which formed the floor of the recording chamber. The return electrode was located distantly ($2 cm from the stimulating electrode). Electrical stimuli consisted of charge-balanced biphasic current pulses of 1 ms per phase, with the anodal phase preceding the cathodal phase. The interpulse separation was 0.5 ms. All current pulses were delivered at a frequency of 1.0-1.5 Hz through constant-current stimulus isolation units (PSIU-6, Grass-Telefactor, West Warwick, RI) attached to a Grass-Telefactor S88 stimulator. Higher stimulation frequencies were not used in order to avoid depression of RGC responses (Jensen & Rizzo, 2007) .
Neuronal activity was recorded with quartz-platinum/tungsten microelectrodes with impedances between 0.7 and 1.3 MX (Thomas Recording GmbH, Germany). Recordings were amplified with a differential amplifier (Model XCell-3; FHC, Bowdoin, ME) and digitized on-line with a PC running Spike 2 acquisition and analysis software (version 5; Cambridge Electronic Design Ltd., Cambridge, UK).
During an experiment, the room was illuminated with dim red light to avoid desensitizing mouse cone photoreceptors. However, no attempt was made to maintain the retina in a dark-adapted state. With the aid of red light (>630 nm; tungsten-halogen light source) that was delivered from below (through the microscope condenser), the tip of the recording electrode was visually advanced to the retinal surface with a motor-driven micromanipulator. Recordings were made from RGCs located either directly over the stimulating electrode or within 200 lm of the stimulating electrode. No significant correlation was found between the measured threshold or response of a RGC and the location of a RGC. All data were therefore pooled. In some experiments, the AMPA/kainate receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and the NMDA receptor blocker 2-amino-7-phosphonoheptanoic acid (AP-7) were added to the extracellular bath solution to block excitatory, glutamatergic synaptic transmission. Drugs were purchased from Sigma-Aldrich.
Light stimulation
Light from a mercury arc lamp illuminated an aperture that was focused on the retina from above through the 4Â objective of the microscope. The image produced on the retina was a 250-lm diameter spot, which was centered on the recorded RGC. Interference filters (peak transmission at either 368 or 545 nm) and neutral density filters were inserted in the light path to control the wavelength and intensity of light stimulation. A shutter (Uniblitz, Rochester, NY) was used to control the stimulus duration, which was set to 700 ms. The intensity of the unattenuated light stimulus on the retina was measured with a spectroradiometer (RPS900, International Light) to be 3. 
Data analysis
Thresholds were determined by increasing a subthreshold current until action potentials were elicited more than 50% of the time for five or more consecutive stimulations. Response latencies of individual RGCs were measured using a current set at 2Â threshold and were calculated as the mean to the first spike in response to 5-10 presentations of an electrical stimulus. High levels of spontaneous activity that could potentially interfere with correctly determining the latency of a first spike did not occur.
Statistical comparisons between rd1 mice and wild-type mice were performed with SigmaStat software (version 3.5, Systat Software Inc., Point Richmond, CA), for a statistical significance level of P < 0.05. When groups of data were judged to consist of normally distributed data (P < 0.05, Kolmogorov-Smirnov test), the data groups were compared by the t-test and are presented as means ± SD. Otherwise, data groups were compared by applying non-parametric statistics and are presented as medians.
Results
Data were obtained from 43 wild-type RGCs and 50 rd1 RGCs in mice of ages ranging from postnatal day (P) 25 to P186. We shall first give a description of the electrically evoked responses of RGCs in wild-type and rd1 mouse retinas. We will then compare the thresholds for activation of RGCs in wild-type mice with those obtained for RGCs in rd1 mice.
Characterization of the electrically evoked responses of RGCs
We examined the extracellularly recorded responses of both wild-type and rd1 RGCs to symmetric biphasic current pulses (1 ms/phase) using currents set at 2Â threshold. We found that RGCs could be assigned into three classes based on their response to subretinal stimulation. Type I cells elicited a single burst of spikes within 20 ms following application of the electrical stimulus, type II cells elicited a single burst of spikes with a latency greater than 37 ms following the electrical stimulus, and type III cells elicited two and occasionally three bursts of spikes (Fig. 2) . The relative frequencies of the three types were similar in both mouse strains. In wild-type mice, 56% (24 of 43) were type I cells, 28% (12 of 43) were type II cells, and 16% (7 of 43) were type III cells. In rd1 mice, 54% (27 of 50) were type I cells, 34% (17 of 50) were type II cells, and 12% (6 of 50) were type III cells. Table 1 summarizes the response latencies of types I, II, and III RGCs in wild-type and rd1 mouse retinas. The burst of spikes in type I RGCs occurred with similar latencies in wild-type and rd1 mice. In contrast, the latencies of bursts in type II RGCs were on average about twice as long in wild-type mice (P < 0.001). The latencies of the first burst in type III cells were similar in wild-type and rd1 mice. The latencies of the second burst in type III cells were on average 38% shorter in rd1 mice. This finding however did not reach statistical significance (P = 0.065). It is worth noting though that the latencies of the first and second bursts of type III RGCs were similar to those of type I and type II cells, respectively.
In a subset of wild-type (n = 18) and rd1 (n = 27) RGCs, in which recordings were of high quality, we measured the number of spikes per burst and burst duration. The findings are summarized in Table  2 . For each specific type of RGC, the number of spikes per burst was similar in wild-type and rd1 mice. Burst duration was similar for type I RGCs in wild-type and rd1 mice and likewise for type III RGCs in wild-type and rd1 mice. For type II cells, the burst duration was on average 2Â longer in rd1 mice (P = 0.043).
Electrically evoked responses of RGCs are attenuated by glutamate receptor antagonists
We know that burst firing (as observed in this study) occurs in RGCs when they are stimulated indirectly through the retinal neural network (Jensen, Ziv, & Rizzo, 2005a; Stett, Barth, Weiss, Haemmerle, & Zrenner, 2000) . Time-locked, single-spike responses characteristic of direct stimulation of RGCs (Fried, Hsueh, & Werblin, 2006; Jensen, Ziv, & Rizzo, 2005b; Sekirnjak et al., 2006) were not observed in this study. We surmise that if RGCs were directly stimulated in this study, then the spike would be well-hidden in the stimulus artifact, which typically lasted $5 ms from stimulus onset.
To confirm that the responses we observed in this study were indeed due to activation of the neural network, we examined the effect of glutamate receptor antagonists CNQX and AP-7 on the electrically evoked responses. We found that the electrically evoked activity in RGCs in wild-type (n = 4) and rd1 (n = 5) mice was abolished or greatly diminished by the addition of CNQX (20-30 lM) and AP-7 (100-150 lM) to the bath solution. Two examples are shown in Fig. 3 . One cell was from a wild-type mouse retina. The cell generated a short-latency ($10 ms) burst of 3-5 spikes, characteristic of a type I cell. To a 700 ms flash of a 250-lm spot of light, the cell elicited responses to light onset and offset with similar latencies (not shown). The cell was therefore an ON/ OFF cell. Following a 5-min application of 30 lM CNQX and 150 lM AP-7, the cell became much less sensitive to the spot of light. In fact, the intensity of the spot needed to be increased approximately 1 log U in order to produce a response that was comparable in size to that seen before drug application. During this time the electrically evoked response was greatly diminished as shown in the lower left panel of Fig. 3 . Most of the activity remaining in this cell was a drug-induced increase in spontaneous activity. The other cell was from a P79 rd1 mouse retina. As expected, no light-evoked response was obtainable. By this age, rod photoreceptors are absent and cone photoreceptors are substantially reduced (Komeima, Rogers, Lu, & Campochiaro, 2006) . Upon electrical stimulation, the cell generated a long-lasting burst of spikes (n = 12) (n = 7) (n = 27) (n = 17) (n = 6) Burst latency (ms) 9.7 ± 3.1 104 ± 30 9.0 ± 2.7 9.8 ± 3.4 54 ± 14 Values are means ± SD. * P < 0.001 (unpaired t-test), compared to the wild-type control.
after a latency of $56 ms, characteristic of a type II cell. Following a 3-min application of 30 lM CNQX and 150 lM AP-7, the cell no longer responded to the electrical stimulus. After a 4-min wash the cell again responded to an electrical stimulus (not illustrated), although the threshold was 4 times higher. The cell was lost before full recovery could be observed.
Relation between light and electrical responses of RGCs
The mouse retina contains two types of cone pigment having peak absorptions at about 360 and 510 nm (Jacobs, Neitz, & Deegan, 1991; Lyubarsky, Falsini, Pennesi, Valentini, & Pugh, 1999). To selectively stimulate cones containing UV pigment, an Values are means ± SD. * P = 0.043 (unpaired t-test), compared to the wild-type control. Fig. 3 . Effects of co-application of CNQX and AP-7 on the electrically evoked responses of a type I wild-type (wt) RGC and a type II rd1 RGC. Top two panels are the responses of the two RGCs before application of CNQX and AP-7; bottom two panels are the responses to the same stimuli after application of CNQX and AP-7. Each panel depicts a spike raster representing responses over repeated trials (n = 30), which are summed to obtain the poststimulus time histogram (PSTH, 4-ms bins) underneath each raster. Electrical stimulus, 20 lA for the type I wild-type RGC and 100 lA for the type II rd1 RGC.
interference filter with peak transmission at 368 nm was placed in the stimulus pathway (see Section 2). To selectively stimulate cones containing M pigment, an interference filter with peak transmission at 545 nm was used. We attempted to stimulate the RGCs in rd1 mouse retinas using a 250-lm spot of light centered over the tip of the recording electrode. Light-evoked responses were observed in only two RGCs, which were from a P32 mouse. Unlike the responses in wild-type RGCs, these RGCs responded only to the first one or two light stimuli and failed thereafter. Both RGCs gave an ON response to 368 nm light. (Responses to 545 nm light were not measured.)
In wild-type mouse retinas, we were able to evoke light responses in all RGCs with a 250-lm spot. Most RGCs responded to both 368 and 545 nm light at light intensities attenuated 1-2 log U (see Section 2). Three RGCs elicited responses only to 368 nm light. These 3 RGCs were ON-center cells. Of the 43 recorded RGCs, 24 were classified as ON-center cells, 7 as OFF-center cells, 1 as an ON/OFF cell, and 2 as color-opponent cells. The latter cells gave an ON response to 545 nm light and an OFF response to 368 nm light. The remaining 9 RGCs could not be clearly classified because of poor light responses.
We examined the relation between the light response and the type of electrical response elicited by RGCs. The findings are summarized in Table 3 . Type I cells could be any physiological cell type-OFF-center RGC, ON-center RGC, ON/OFF RGC or color opponent RGC. All type II cells were ON-center RGCs. Type III cells were found in all physiological cell types, except ON/OFF RGCs. Since only one ON/OFF RGC was recorded in this study, it is possible that type III cells include ON/OFF RGCs as well. In rd1 mouse retinas, only two RGCs were responsive to light. Both were ON-center RGCs. One was a type I cell and the other was a type III cell. Fig. 4 shows the thresholds of individual RGCs in wild-type and rd1 mouse retinas. In wild-type mice, the thresholds ranged from 4.2 to 60 lA, with a median value of 14 lA (n = 43). In rd1 mice, the thresholds ranged from 22 to 100 lA, with a median value of 50 lA (n = 50). Overall, the thresholds of wild-type and rd1 RGCs to the biphasic current pulses were 3.6-fold higher in rd1 mouse retinas. The difference in the median values between the two groups was statistically significant (P < 0.001, Mann-Whitney Rank Sum Test).
Thresholds for activation of RGCs
In wild-type mouse retinas, type I RGCs exhibited the lowest thresholds. The median threshold currents were 9 lA, 22 lA and 26 lA for type I, type II and type III RGCs, respectively. In rd1 mouse retinas, all three types had similar thresholds. The median threshold currents were 50 lA, 50 lA and 42 lA for type I, type II and type III RGCs, respectively. It therefore appears that type I RGCs are most affected in rd1 mouse retinas.
In this study, mice of ages ranging from P25 to P186 were used. We examined the relation between the threshold for activation of a RGC and the age of the mouse. Fig. 5 shows the threshold currents for activation of RGCs in rd1 and wild-type retinas plotted as a function of age. Two findings are apparent. First, for all ages the thresholds overall were consistently higher in rd1 mice. Second, for both wild-type and rd1 mice, there was a trend for reduced thresholds with age.
Discussion
We show that when the neural network of rd1 mouse retinas is electrically stimulated, RGCs respond for the most part similarly to wild-type RGCs. In both wild-type and rd1 mouse retinas, three types of electrically evoked responses were observed. Furthermore, each type occurred with the same frequency in both wild-type and mice. At all ages, the thresholds of RGCs in rd1 mice tended to be higher than those in wild-type mice. The two lines are best-fitting linear regressions. Although there is a weak correlation between thresholds current and age of the mice (rd1 mice, r 2 = 0.093; wild-type mice, r 2 = 0.088), the slope of the linear regression line was statistically different from zero for data obtained in rd1 mice (P = 0.032) and almost statistically different from zero for data obtained in wild-type mice (P = 0.053).
rd1 mouse retinas. The only statistically significant difference in responses to electrical stimulation was with type II RGCs. In rd1 mice, the latency of the electrically evoked response was about 2Â shorter and the burst duration was about 2Â longer. The longer burst duration was associated with only a small increase (34%) in spike number (9.4 vs 7.0 spikes per burst), which was not statistically significant. Interestingly, type II RGCs in wild-type mouse retina were all ON-center RGCs, suggesting that the ON pathway may be preferentially affected in rd1 mouse retina. Perhaps, the most significant finding in this study is that the thresholds for electrical activation of RGCs are overall more elevated in rd1 mouse retinas compared to wild-type mouse retinas. The thresholds for activation of RGCs in rd1 mouse retinas were on average 3.6Â higher than those in wild-type mouse retinas. Elevated thresholds were seen in rd1 mice as young as P25. By P17, 98% of rod photoreceptors have disappeared (Carter-Dawson, LaVail, & Sidman, 1978) . Considering that about 97% of the photoreceptors in mice are rods (Carter-Dawson & LaVail, 1979) , this translates into a large percentage of the total number of photoreceptors. Can photoreceptor loss alone explain the elevated thresholds we observed in this study?
It is well-documented that remodeling of the neural retina takes place following the degeneration of photoreceptors (for review, see Jones & Marc, 2005) . In the rd1 mouse, horizontal cell sprouting has been observed on P15 (Strettoi, Porciatti, Falsini, Pignatelli, & Rossi, 2002) . On P18-20, the dendrites of rod bipolar cells have retracted or their growth arrested (Strettoi et al., 2002) . Although we cannot rule out that these changes in the neural retina might have contributed to the elevated thresholds that were observed in mice as early as P25, we do not believe that they are the main contributing factor. As rd1 mice age, the neural retina progressively changes. On P90, both horizontal cells and bipolar cells show major alterations (Strettoi et al., 2002 ); yet, we found that the thresholds for activation of RGCs in rd1 mice are rather stable (and definitely did not increase) as rd1 mice age. This is not to imply that remodeling of the neural retina will not play a role in either electrically evoked responses or thresholds. We only studied rd1 mice up to P186. By P630, the rd1 retina becomes much disorganized, with neurons migrating throughout the retina (Jones et al., 2003) . Conceivably, electrically evoked responses and thresholds of RGCs will be substantially affected in much older rd1 mice.
Comparison to previous animal studies
In a recent study (Jensen & Rizzo, 2007) conducted on healthy adult rabbit retinas, we activated RGCs with the same (400-lm diameter) subretinal electrode and current pulse waveform (biphasic pulses, 1 ms per phase). One finding from this study was that the mean threshold for activation of rabbit RGCs was 17 lA. This value is comparable to the median value of 14 lA that we found in the present study for wild-type mouse RGCs. When the rabbit retina was stimulated with a current pulse 1.5 times threshold, the RGCs generated on average 4-5 spikes. This finding is similar to what we found in the present study. We also reported that the mean onset latency of ON RGCs in the rabbit retina was longer than that of OFF RGCs (23.5 ms vs 9.4 ms). In the present study, we found that many ON RGCs in wild-type mouse retinas had longer latencies as well. That is, these RGCs were type II cells. Overall, RGCs in rabbit and mouse retinas behave similarly to biphasic current pulses.
O 'Hearn et al. (2006) examined the thresholds for activation of RGCs in 8-12 week wild-type and rd1 mouse retinas. Retinas were stimulated with a pair of electrodes (125-lm diameter) that were positioned either epiretinally or subretinally. With subretinal stimulation, as used in our study, the thresholds for activation of RGCs in wild-type and rd1 retinas were not statistically different. This finding appears to contradict our finding that the thresholds for activation of RGCs are on average much higher in rd1 retinas than in wild-type retinas. However, the responses that O'Hearn et al. recorded in their study are most likely due to direct stimulation of RGCs. The response latencies they reported were very short (2-3 ms) and would have been even shorter if the stimulating electrodes were located closer to the recording electrode. The short response latencies are consistent with direct stimulation of RGCs (Fried et al., 2006; Jensen et al., 2005b; Sekirnjak et al., 2006) . Furthermore, as shown in their figures (Figs. 2 and 3) only single, time-locked action potentials were evoked. This finding is a characteristic feature of a neuron that is directly stimulated.
Relationship to human psychophysical studies
Several studies have reported that the amount of current needed to elicit a visual percept in RP patients is higher than that needed in healthy individuals. Using an electrode placed over closed eyelids, Delbeke et al. (2001) found that the average threshold for inducing phosphenes in RP patients was 2.2 times higher than age-matched healthy control subjects for 0.7 ms biphasic current pulses and 12 times higher for 8 ms pulses. In a more recent study, Gekeler et al. (2006) stimulated the retinas of RP patients and healthy individuals with an electrode placed outside of the eye on the bulbar conjunctiva and found that the thresholds of RP patients are much higher than those of healthy individuals, particularly with long pulse durations. With 1 ms pulses, the thresholds were reported to be about 10Â higher in RP patients. Using an intraocular, 400-lm diameter electrode, Rizzo et al. (2003) reported that the charge density thresholds in RP patients were 0.28-2.8 mC/cm 2 , compared to 0.08 mC/cm 2 in a normal-sighted individual. The findings from our study would suggest that the increased current needed to elicit visual percepts in RP patients is due to a greater amount of current needed to stimulate the retinal neural network in order to evoke a response in a RGC. However, as discussed in Section 1, we cannot rule out other contributing factors, such as fewer surviving RGCs or reorganization of the retina or visual cortex that may occur in patients with advanced RP.
